The variation of aluminum content at the interface between the zinc coating and the steel substrate, which corresponds to the quantity of the Fe-Al interface layer, with dipping time in a molten zinc bath was measured quantitatively with inductively coupled plasma optical emission spectrometry. Comparing the aluminum content between the sample dipped in the Zn-0.14 mass%Al bath and that dipped in the Zn-0.18 mass%Al bath, it was found that the Fe-Al interface layer disappeared with linear relationship with dipping time in the Zn-0.14 mass%Al bath. This suggests that the disappearance behavior of the Fe-Al interface layer was dominated by an interface reaction.
Introduction
In the industrial process of galvanized steel sheets, a small amount of aluminum is added in a molten zinc bath. It has been known that Fe-Al intermetallic compound layer forms in the interface between the zinc coating and the steel substrate as soon as steel sheets are dipped in the molten zinc bath, and that the Fe-Al interface layer inhibits the reaction between iron and zinc. Since the Fe-Al interface layer also inhibits the reaction during galvannealing process, it is important to investigate the growth and disappearance mechanism of the Fe-Al interface layer in the development of an appropriate galvannealing process, and many researchers have studied until now.
The growth and disappearance behavior of the Fe-Al layer has been investigated with morphological observation techniques such as scanning electron microscopy (SEM) 1) and transmission electron microscopy (TEM).
2) Based on those results, several mechanisms for the disappearance behavior of the Fe-Al interface layer were proposed; for example, the Fe-Al interface layer disappears with the diffusion of aluminum into steel substrate along grain boundaries, 3) the outburst reaction of Fe-Zn breaks the Fe-Al interface layer mechanically during galvannealing process. 4) However, there are few reports to investigate its behavior with quantitative method such as chemical analysis.
In this report, the aluminum content at the interface between Fe-Zn intermetallic compounds and steel substrate during the steel sheets dipped in molten zinc bath, which reflects the quantity of Fe-Al interface layer, was quantitatively investigated to reveal the disappearance behavior of the Fe-Al interface layer during the dipping. In the analysis, inductively coupled plasma (ICP) optical emission spectrometry was used as a quantifying method.
Experimental Procedure
The cold-rolled interstitial-free (IF) steel sheets were used as substrates. They were annealed at 1053 K in the 10% H 2 -N 2 gas atmosphere just before the galvanizing. The galvanizing was conducted with dipping the steel sheets in molten zinc baths containing 0.14 and 0.18 mass%Al saturated with iron at 733 K, using a hot-dip galvanizing simulator. According to the ternary phase diagram of Fe-Zn-Al 5) , it has been known that the molten zinc including 0.14 mass%Al equilibrates with Fe 2 Al 5 and the 1 phase, and that the molten zinc including 0.18 mass%Al equilibrates only with Fe 2 Al 5 .
The dipping time was varied from 1 to 80 seconds. The dipped steel sheets were gradually cooled to room temperature in the N 2 gas atmosphere at the cooling rate of 5 K/s. The galvanized steel sheets were stamped out to be a disk of 20 mm in diameter. Both sides of the disk were used for the quantitative chemical analysis.
In the chemical analysis, only the galvanized coating was removed from the sample with fuming nitric acid at first. Then, the Fe-Al interface layer remaining on the steel substrate was dissolved with 10% HCl including the inhibitor (Asahi Chemical IBIT-700BK). The elements of iron, zinc and aluminum in the fuming nitric acid solution and the HCl solution were quantified with ICP optical emission spectrometry (SHIMADZU ICPV1014S, radial plasma view). The measured wavelengths are 259.4, 206.2 and 394.4 nm for the optical emission from iron, zinc and aluminum, respectively. In order to calibrate the intensity of the emission, yttrium (371.0 nm) was added in the solution. The concentric type nebulizer was used in the torch section. The argon gas flow rate was set to be 12 L/min for coolant gas, 1.2 L/min for plasma gas, 1.0 L/min for carrier gas and 4.0 L/min for purge gas. The output power of RF generator was 1.2 kW.
The morphology and crystal structure of the Fe-Al interface layer was also observed with FE-SEM (HITACHI S-4100) and TEM (JEOL JEM-3010).
Results and Discussion
Figures 1(a) and (b) show the variation of the iron content in the galvanized coating and that of the aluminum content at the interface between the coating and the steel substrate, respectively, as a function of dipping time. In the sample dipped in Zn-0.14 mass%Al bath, the iron content hardly increased at the short dipping time up to 10 seconds. It is considered that the Fe-Al interface layer inhibits the diffusion of iron from the steel substrate to the coating. However, the iron content drastically increased at the dipping time more than 60 seconds. The aluminum content increased with the dipping time up to 40 seconds, then decreased at the dipping time more than 60 seconds. The increase of the aluminum content did not follow the parabolic law. On the other hand, in the sample dipped in Zn-0.18 mass%Al bath, the iron content hardly increased even at the dipping time more than 60 seconds. The aluminum content simply increased with dipping time, and the increase followed the parabolic law. Figure 2 shows the cross sectional SEM images of the galvanized samples. A large amount of Fe-Zn intermetallic compounds was observed in the sample dipped for 70 seconds in Zn-0.14 mass%Al bath. In other samples, a small amount of the Fe-Zn was observed. Figure 3 shows the SEM images of the Fe-Al interface layer after the zinc coating removed with fuming nitric acid. The interface layer fully covered on the surface of samples dipped in the baths for 1.5 and 20 seconds. It is found that the Fe-Al crystals are growing during the dipping. However, in the sample dipped for 70 second in Zn-0.14 mass%Al bath, a part of the interface layer disappeared, and the substrate was observed. The coarse grains of the interface layer were observed on the sample dipped in Zn-0.18 mass%Al bath. Taking account of the results of the chemical analysis and the SEM observations, the drastic increase of the iron content observed in the sample dipped in Zn-0.14 mass%Al bath suggests the growth of the Fe-Zn intermetallic. The decrease of aluminum content also suggests the disappearance of the Fe-Al interface layer. Furthermore, the parabolic increase of the aluminum content observed in the sample dipped in Zn-0.18 mass%Al bath indicates that the growth of the Fe-Al interface layer is dominated by the interdiffusion between iron and aluminum atoms. Figure 4 shows the bright field TEM images and the diffraction patterns of the Fe-Al interface layer extracted from the samples dipped for 20 seconds in the molten zinc baths containing 0.14 and 0.18 mass%Al. The diffraction pattern obtained from each sample was identified as Fe 2 Al 5 . Table 1 shows the TEM/EDS result of the chemical composition of those interface layers. Although they had almost the same value in iron concentration, there is a difference in their aluminum and zinc concentration. This suggests that the Fe-Al interface layer is Fe 2 Al 5Àx Zn x , which has the crystal structure of Fe 2 Al 5 and the zinc occupies a part of the aluminum position substitutively. The interface layer has a larger value in aluminum concentration as it grows in the higher aluminum concentration bath. Thus, there is a little difference in the chemical composition between both interface layers; however, it is considered that they are fundamentally the same phase.
The growth behavior of the Fe-Al interface layer in the sample dipped in Zn-0.18 mass%Al bath is dominated by the interdiffusion between iron and aluminum atoms, and it follows the parabolic law. As mentioned above, both the Fe-Al interface layer obtained from the sample dipped in Zn-0.14 mass%Al bath and that obtained from the sample dipped in Zn-0.18 mass%Al bath have the same crystal structure and a similar the chemical composition. Therefore, when the growth behavior of Fe-Al interface layer consists of only the growth of Fe-Al interface layer dominated by the interdiffusion, the growth behavior in the sample dipped in Zn-0.14 mass%Al bath should also follow the parabolic law, and it should agree with the behavior in the sample dipped in Zn-0.18 mass%Al bath. However, the increase of the aluminum content, which corresponds to the quantity of the Fe-Al interface layer, did not follow the parabolic law and decreased at the dipping time more than 60 seconds. This suggests that not only the growth of the Fe-Al interface layer but also the disappearance of the Fe-Al interface layer occurs in the sample dipped in Zn-0.14 mass%Al bath. Therefore, it is assumed that the growth behavior of the Fe-Al interface layer in the Zn-0.14 mass%Al bath consists of the growth and the disappearance of the Fe-Al interface in the following discussion.
When there is no difference in the growth behavior of the Fe-Al interface layer between the sample dipped in Zn-0.14 mass%Al bath and that dipped in Zn-0.18 mass%Al bath, the difference of the aluminum content between them indicates the quantity of the disappeared Fe-Al interface layer. Figure 5 shows the difference of the aluminum content. The dotted lines indicate their aluminum content at the interface. There is a linear relationship between the difference and the dipping time. This suggests that the disappearance is dominated not by an interdiffusion but by an interface reaction. On the other hand, the growth of the Fe-Al interface layer follows the parabolic law. Therefore, in Zn-0.14 mass%Al bath, where the growth and disappearance occur simultaneously, it is observed that the quantity of the disapperance changes place with that of the growth at longer dipping time, even if the quantity of the growth exceeds that of disappearance at shorter dipping time. It is difficult to determine the interfacial reaction exactly with only the present results, however, the transformation from Fe 2 Al 5 to Fe-Zn intermetallic compound as shown in eq. (1) could be proposed as a prior candidate taking account of the existence of 1 phase on the Fe 2 Al 5 in TEM observation 2) and the thermo-dynamical analysis of the Fe-Al-Zn reaction. 6) Fe 2 Al 5 + 14Zn ! 2FeZn 7 + 5Al ð1Þ
In the industrial galvannealing process, it is considered that the same behavior of the Fe-Al interface layer occurs at the initial reaction. In this case, however, aluminum cannot be supplied sufficiently to form the thick interface layer because of short dipping time and thin coating. Therefore, the thinner Fe 2 Al 5 layer forms on the steel substrate and it disappears in a short period. This period closely relates with the incubation period of the growth of Fe-Zn intermetallic compounds at the initial stage of galvannealing process. 
Conclusion
In this report, the growth and disappearance behavior of the Fe-Al interface layer during dipping the steel sheets in a molten zinc bath was investigated with the measurement of the aluminum content at the interface between the zinc coating and the steel substrate by ICP optical emission spectrometry. It was considered that the difference of the aluminum content between the samples dipped in Zn-0.14mass%Al bath and in Zn-0.18 mass%Al bath showed the quantity of the disappeared Fe-Al interface layer, and it was found that the disappearance of Fe-Al interface layer follows the linear law. These results suggest that the disappearance behavior of the Fe-Al interface layer is dominated by an interface reaction. The difference increased in proportion to the dipping time.
